Introduction
Many careful studies of the amide group
RI_C( O

\N-R2
\ H in amino acids and related compounds have been carried out in the past few years. As a result, the configuration of this group in a wide variety of organic molecules is now well known. Less is known of the structure of the terminal amide group in organic molecules, although a number of interesting problems are associated with the crystal structures of such molecules, e.g. the extent of utilization of the two available hydrogen atoms for hydrogen bonding, the relative length of these bonds, the relative lengths of the C-O and C-N bonds, the extent of coplanarity of the three bonds emanating from the nitrogen atom, etc.
When this investigation was begun, the structure of only one molecule containing this (terminal amide) group had been determined (acetamide (Senti & ttarker, 1940) ). Within the past year additional determinations of structures having terminal amide groups have been made; these are discussed below.
Formamide (HCONH~) was selected for this investigation primarily because the terminal amide group * This work was supported by the Office of Naval Research. Taken from a dissertation submitted by J. Ladell in partial fulfilment of the requirements for the Ph.D.
is virtually the entire molecule; the interpretation of the structure is not complicated by the presence of large substituent groups in the molecule.
Experimental
Thin-walled glass capillary tubes were filled with carefully purified formamide (m.p. 2.5 ° C.) and sealed. Single crystals were grown in the capillary tubes and maintained at -50±5 ° C. using previously described techniques (Post, Schwartz & Fankuchen, 1951) . Optical examination of the crystals, using polarized light, gave no indication of solid-phase transitions in the temperature range -60 ° C. to the melting point.
The crystals almost invariably grew along what was later identified as the a axis of the monoclinic unit cell. Since alternative orientations of the crystals could not readily be obtained, it was found convenient to use both Weissenberg and precession cameras to accumulate full three-dimensional data.
A Weissenberg camera was built (Steinfink, Ladell, Post & Fankuchen, 1953) which made possible the convenient investigation, at low temperatures, of the full equi-angular range attainable with the normal instrument. Zero-and upper-layer equi-inclination diagrams were obtained using inclination angles up to 35 °. In this way hkl data, with h = 0-3, were recorded.
Other regions of reciprocal space were explored with the precession camera.
Cu K radiation and multiple-film techniques were used for Weissenberg diagrams; Mo K radiation was used for precession diagrams; each precession diagram was recorded several times for varying time intervals to make certain all reflections could be correlated with a linear scale. Intensities were estimated visually by comparison with standard intensity scales. Absorption corrections were unnecessary, since in no case was the crystal size greater than a small fraction of the optimum crystal diameter. The usual Lorentz and polarization corrections were applied and all intensities were put on the same scale.
A total of 324 independent reflections was recorded. Measurements of precession diagrams and diffractometer traces of polycrystalline formamide indicated that the crystals were monoclinic. The diagrams were indexed on the basis of a unit cell with dimensions: a = 3.69±0.01, b = 9.18±0.025, c --6.87±0.02/~, fl = 98±¼ °.
Reflections of the type 0k0 with k odd, h00 with h odd and hO1 with h+l odd were systematically absent from all single-crystal diagrams; the space group is therefore P21/n (which is equivalent to P21/c upon the appropriate axial transformations).
The density of liquid formamide at 20 ° C. is 1.13 g.cm.-3; if it is assumed that there are four molecules per unit cell, the calculated (X-ray) density is 1.26 g.cm. -3 (at -50 ° C.). This is in good agreement with the value listed for liquid formamide at room temperature if the difference in temperature and contraction of the liquid on freezing are taken into account. The asymmetric unit is therefore one molecule of formamide.
Determination of the structure
Patterson (0kl) and (h/c0) projections were computed. The (h/c0) projection could not be successfully interpreted. The (0kl) projection was more useful; one large peak appeared clearly to be due to an intra-molecular nitrogen-oxygen interaction; other peaks in this projection indicated that at least one, and possibly two, atoms were situated near a screw axis. It was expected that the (0/el) electron-density projection (i.e. down the short a axis) would show satisfactory resolution of the atoms. Several molecular arrangements consistent with the Patterson (0kl) projection were tried. After several false starts, an (0kl) electron-density map was computed which showed satisfactory agreement with the assumed model. The projection was refined by the usual Fourier iteration process; the final map showed the molecule clearly resolved.
Efforts were then made to determine the x parameters of the atoms. A Patterson-Harker section at u, ½, w was computed. The approximate x parameter of one atom (it later proved to be the nitrogen atom) could readily be deduced from this section. The x parameters of the other atoms could not be determined with any precision because of superposition of the carbon-carbon and oxygen-oxygen interactions. The position of the unresolved peak did indicate, however, that the carbon and oxygen atoms were near x = ½.
An (hkO) electron-density map was then computed on the basis of approximate x parameters determined from the tIarker synthesis, and y parameters known from the (01cl) projection; the map was refined in the usual way and the result is shown in Fig. 1 . The projections appeared to be satisfactory in all but one respect; bond lengths calculated from the two projections were considerably shorter than expected: the carbon-oxygen bond was 1.19 A, and the carbonnitrogen bond only 1.20 A.
It was felt that the anomalous bond lengths might reflect errors in the x parameter of the carbon atom resulting from the small number of orders of h used in the (hk0) projection and from overlap of carbon with nitrogen and oxygen peaks; the overlap is clearly visible in the (hk0) electron-density map (Fig. 1) . The x parameter of the carbon atom was varied systematically in the vicinity of the position indicated by the Fourier map, but the discrepancy factor R was a minimum (18 %) for the carbon position indicated by the (h/c0) map. An (h/c0) difference synthesis also confirmed this carbon position.
At this point, contributions of the hydrogen atoms to the structure factors were considered; inclusion of hydrogen atoms in the calculations resulted in several sign changes for weak reflections; inclusion of these changes in the summation improved considerably the appearance of the (Okl) Fourier map ( Table 1 . Back-shift corrections were computed for both sets of parameters. Since the (Ok/) projection is based in part on electron density not directly observable on the map (hydrogen atoms), the final 'back-shift parameters' were further refined by the method of least squares. In this calculation, off-diagonal terms were neglected. These results are also listed in Table 1 .
Further refinement of atomic parameters, using bounded projections (Booth, 1948) , was then carried out. The contents of the unit cell between z = 0 and z = ½ were projected on to the basal plane. In this electron-density projection all observed ~"s were included except those for which 1 was even and not equal to zero. (These cancel out in the summation; 193 terms remained.) Signs for observed structure factors were calculated using parameters listed in Table 1 . The projection was refined in the usual way. One asymmetric unit of the resulting electron density map is shown in Fig. 3 .
As can be seen in Fig. 3 , the carbon, nitrogen and oxygen atoms of one molecule all lie in the region between x = ¼ and x -~ ½. A bounded projection down the a axis, projecting the contents of the unit cell between x--~ and x--½, was therefore computed. In this projection all F's are included in the summation except those for which h :4: 0, h--0 mod 4. A half-cell projection down the a axis would have required the omission from the summation of all even orders of h except h = 0; 322 terms were included in the quarter-cell projection compared with 225 terms which would have been used in a half-cell projection. of the unit cell between x --0 and x --~ (Fig. 4(a) ),
x --¼ to ;:¢ = ½ (Fig. 4(b) ), x --½ to x --t (Fig-4(c) ), and x--~ to x = 1 (Fig. 4(d) ). These maps are in turn generated from the expression (d) were not considered in the determination of atomic parameters since they represent fringes of atoms in which spherical symmetry no longer (necessarily) exists. Back-shift corrections were computed for both bounded projections. These and the implied final parameters are listed in Table 2 .
Observed and calculated values of F are listed in Table 3 Contributions due to hydrogen atoms were included * in the calculation of structure, factors. It was assumed that hydrogen atoms were at 1-1 A from the nitrogen atom in the direction of adjacent oxygen atoms. A hydrogen atom was also assumed in the plane of N-C-0, 1-1 A away from the carbon atom such that the angle H-C-N was 120 °. Atomic positions assumed for the hydrogen atoms are listed in Table 2 .
Estimation of accuracy
The magnitude of random errors in atomic coordinates was investigated using Cruickshank's expressions (Cruickshank, 1949 The corresponding probable errors in bond lengths are less than 0-013 ~.
The discrepancy factors for the final coordinates are: Rhu = 19.0%, Rhko = 17"3%, Rhoz = 26"0%, and R0u = 13-5%.
In this determination only observed structure factors were considered. The reflections (002), (101), (10i), (110), and (211) were considered unreliable because of extinction effects and were therefore omitted in the determination of the discrepancy factors. (Calculated structure factors were used for these reflections in the final Fourier projections.)
Molecular environment
The molecular arrangement in the crystal may be best visualized as follows: Individual formamide molecules associate to form dimers ;* the dimers are held together by two N-H'" 0 bonds. Each dimer, in turn, is bonded by hydrogen bonds of the same type, to four other dimeric units. The structure is made up of All six heavy atoms within one dimeric unit are almost coplanar. The degree of planarity may be described * The referee has correctly pointed out that since the hydrogen bonds between 'dimeric' units are apparently stronger than those making up the 'dimers', it would be more accurate to speak only of sheets of formamide molecules without specific reference to 'dimeric' units. We have retained the term 'dimer', however, using it in a restricted sense in this discussion to emphasize a geometrical aspect of the molecular sheets, i.e. the tendency of pairs of molecules to associate about a center of symmetry in almost coplanar units.
as follows: Because of the presence of a center of symmetry at the center of the dimer, the two nitrogen and two oxygen atoms within any one dimer are necessarily coplanar; the two carbon atoms are only 0.094 A out of this plane. The best plane through all six (heavy) atoms in the dimeric unit is no more than 0.045 /~ from any atom in the group. Each dimeric 'plane' is tilted at an angle of 19 ° to the (101) plane; the plane of centers of symmetry (i.e. the centers of dimers) within any one sheet is parallel to (101).
Adjacent sheets are held together by van der Waals forces. The average distance between sheets is 3-1 J~. The closest approach between atoms in different sheets is 3.39 ~, i.e. between a carbon atom of one layer and a nitrogen atom of another.
Successive sheets of dimers are arranged so as to bring the bulk of one dimeric unit above the largest holes of the sheet below; this displacement is parallel to (10]) and accounts for the monoc]inic angle.
Molecular dimensions
A schematic drawing of a formamide dimer ~s shown in Fig. 6 . In Table 4 these bond lengths and angles are compared with data for related molecules. Vaughan & Donohue, 1952; (4) Smits & Wiebenga, 1953; (5) Romers, 1953; (6) Pasternak, 1953. 36*
5(i4 THE CRYSTAL STRUCTURE OF FORMAMIDE
Discussion of the structure
In a large number of amides, imides and related compounds, the C-N bonds appear to possess considerable double-bond character; their lengths are in the range 1.28-1.38 A, i.e. much shorter than the C-N singlebond length of 1.47 A found in many amines (Donohue, 1952 ), see Table 4 . The 1.30 A C-N bond in formamide is near the lower limit observed for bonds of this type; evidently it possesses a high degree of double-bond character. This appears to be characteristic of the C-N bonds in terminal amides; in glutamine, the C-N bond length is 1.28 A (Cochran & Pen/old, 1952) md in oxamide it is 1.30 A (Romers, 1953) . The 1.38 AC-N bond length reported for acetamide thus appears to be anomalously long and should probably be reinvestigated.
The three bonds emanating from the amide nitrogen atom have been found to be coplanar in a large number of peptide groups (Pauling, Corey & Branson, 1951) . They are also coplanar in oxamide (Romers, 1953) . The three bonds from each nitrogen atom in formamide (i.e. N1-C 1, N1-H... O 2, and NrH... 03) are almost, but not quite, coplanar; i.e., in Fig. 6 , 03 is 0.2 /~ out of the plane formed by C 1, N 1 and 03.
The hydrogen bonds which bind pairs of formamide molecules to form dimers are 2.935 /~ long; those between dimers are 2.880 A long. The probable error of bond lengths is approximately 0.013 /~ and the difference between the two hydrogen bond lengths is therefore probably significant. Other N-H • • • O bond lengths range from 2.68 to 3-14 A in length (Donohue, 1952) ; they are 2.86 A long in acetamide and range from 2.79 to 2.95 J~ in glutamine (Cochran & Pen/old, 1952) . Hydrogen bond lengths of approximately 2-91 and 2-96 A have been computed from parameters reported for oxamide (Romers, 1953) . 'Normal' N-H'" O bond lengths in compounds of this type appear to be close to 2.90 A in most cases, rather than 2.74 J~ as had been previously supposed (Pauling, Corey & Branson, 1951) . As can be seen in Fig. 6 , the C-N-0 bond angles are of two distinct types: 118.5 ° and 109 ° .
The arrangement of molecules in crystalline formamide in puckered sheets of dimers may be compared with the three-dimensional polymeric arrangement reported for acetamide. On the other hand, both diamides which have thus far been investigated (oxsmide and succinamide) appear to be arranged in the form of flat sheets. It would be interesting to investigate the arrangements of molecules in other mono and diamides to determine whether these arrangements are characteristic of crystals of these types.
The difference in length between the two types of hydrogen bonds in formamide may help explain the observed high dielectric constant of liquid formamide (Leader, 1951) . Such a high dielectric constant would not be expected for liquid formamide if most of the molecules were associated in the form of dimers. It is reasonable to suppose that the longer of the two hydrogen bonds in the crystal is somewhat weaker and more easily broken on melting; ff this is so then the predominance of chains of formamide molecules rather than sheets of dimers in the liquid is readily understood; under these circumstances the observed high dielectric constant of the liquid would be expected.
One other aspect of this structure is of interest. Cochran & Pen/old (1952) have noted that the C-N bond in glutamine appears to possess considerably more double-bond character than does the corresponding bond in acetamide. They have correlated this with the fact that hydrolysis of the C--N group occurs more readily in glutamine than in acetamide; i.e. the increased double-bond character of the former renders it more susceptible to attack in reactions of this sort. Similarly, formamide hydrolyzes more readily .than does acetamide (Hammer, 1940 ); this appears reasonable in terms of the observed higher doublebond character of C-N bonds in formamide compared with aeetamide.
